Objective: Cystatin C, a protein coded by CST3 gene, is implicated in adipose tissue biology. Our hypothesis is that common variants in CST3 gene could play a role in the development of corpulence during lifetime. Methods: Two tag SNPs were selected to capture all SNPs in the CST3 region. We first investigated the association of the two tag SNPs individually and combined into haplotypes with corpulence related phenotypes in 4,288 French subjects (BMI = 24.31 3.59 kg/m 2 ). Results: Rs2424577 was associated with BMI in three independent populations -G/G carriers were less corpulent than A/A carriers in the French individuals (p = 0.045) and in the Danish lean men (p = 0.021), and they were more corpulent in the group of Swedish women (p = 0.004). This phenomenon has been described as a flip-flop phenomenon, probably caused by a multi-locus effect. Conclusion: CST3 rs2424577 is associated with BMI in a complex fashion. This association is probably caused by the interaction between several functional variants.
Introduction
Obesity is due to a large number of causes that can be summarized as an interaction between a 'deleterious' environment and a predisposing genetic background. Depending on individuals, genetic background and environmental factors are forces driving energy imbalance, and participate in energy storage in adipose tissue. There is a wide spectrum ranging from genetically determined obesity to environmentally determined obesity with most individuals containing a complex mix of these factors (i.e. many individual effects of genes, environmental influences and the complex interaction between these). While epidemiological approaches, including twin studies, showed that genetic factors could cause 57-86% of BMI variations [1] , there have been more than 400 genes referenced in the 'NCBI gene' database (www.ncbi.nlm.nih.gov/ sites/entrez) as being associated with obesity, but each of these genes individually has a small effect on BMI variance. This is very well illustrated by the results of genome wide associa-tions on large populations which have investigated the implication of several hundreds of thousands SNPs in BMI variance [2] [3] [4] [5] . New variants influencing BMI were discovered, nevertheless, these variants even if combined only explain a very small part of the observed BMI variations. Therefore, it seems that most of the causal variants are still to be discovered. It is most likely that most of the variance of BMI attributable to genetic factors is due to a large number of variants, each of which has a very small effect [6] [7] [8] . Nevertheless most of these studies have been limited to data that was gathered at only a single time point and therefore only few studies have investigated the potential contribution of genetic factors to the development of corpulence during lifetime [9] [10] [11] . Understanding the mechanisms that underlie development of adipose tissue would certainly provide help to identify novel genes involved in BMI and fat mass variations during life. Using a large scale transcriptomic approach in human adipose tissue, we identified Cathepsin S as a novel biomarker of adiposity [12] with a correlation between Cathepsin S gene (CTSS) expression in adipose tissue and BMI in obese subjects. Cathepsin K or L knockout mice are protected against diet induced obesity, which highlights the potential role of Cathepsin S and K in obesity [13] . Cathepsins' enzymatic activity is regulated by endogenous inhibitors, the most powerful being cystatin C, which is coded by the CST3 gene [14] . Emerging results from mice and cellular models suggest that cathepsin family members and cystatin C are involved in adipose tissue physiology, obesity and related complications. Several epidemiological studies have reported associations between obesity or increased adiposity and cystatin C circulating levels. Positive associations of serum cystatin C with BMI were found in an elderly population [15] and in the general population [16] and with body weight in a large population of European origin [17] . In apparently healthy subjects, higher waist circumference, an index of visceral adiposity, and increased % body fat were also associated with higher serum cystatin C [18, 19] . Recently, a graded association between higher BMI and elevated serum cystatin C was reported in American adults [20] . In addition, cystatin C appears to be a biomarker associated with vascular diseases known to be strongly associated with obesity [21] . Our team confirmed the associations between circulating cystatin C and corpulence in two populations of severely and moderately obese persons. Importantly, we showed that adipose tissue contributes to this significant elevation. Obese patients had both higher expression rates in adipose tissue and higher circulating levels of cystatin C compared to lean subjects [22] . In addition we observed that cystatin C is expressed and released by human preadipocytes differentiated in vitro [23] . Based on these findings, our main aim was to evaluate if CST3 (the gene that codes for cystatin C) is one of the numerous genetic factors that causes BMI variation in individuals. In this study, we thus searched for association between common variants (SNPs) located in the CST3 gene and BMI development during time in several populations from different European countries.
Participants and Methods

Study Design
We carried out a two stage study, the first stage was a discovery stage and the second one was a replication stage -only associations that were nominally significant in the discovery stage were thus tested in the replication stage.
In the first stage we investigated the association of two selected CST3 tag SNPs individually and then combined into haplotypes with corpulence related phenotypes -BMI, waist circumference, hip circumference and waist to hip ratio in a group of 4,288 French individuals from the SUVI-MAX study. In the second stage, we only tested the association of the variants that were found to be associated with corpulence related phenotypes at a 0.05 significance threshold in the first stage. These variants were tested in five independent populations of European ancestry -763 Swedish women from the Stockholm Pregnancy And Women's Nutrition study (SPAWN), a group of 790 Danish lean men, a group of 672 Danish obese men and two groups of Danish women from the Danish National Birth Cohort (DNBC) (1,848 lean and 2,061 obese women). In the Danish men and the Swedish women from the SPAWN cohort, BMI, waist circumference, hip circumference and waist to hip ratio were available. In the two groups of Danish women from the DNBC cohort, only BMI and waist circumference were available.
Populations
We selected these populations because BMI measures were available at several time points for each of them. BMI at each exam was calculated as weight (kg) divided by height (m) squared. The discovery population was a group of 4,288 French individuals from the SUVIMAX study [24, 25] , a group representative of the French general population in many aspects. Only 4.4% of investigated participants were obese at inclusion in 1994-1995. Height of all participants was measured at inclusion. This study lasted 13 years. Participants were invited to a follow-up exam at year 2, 4, 6 and 13 of the study. At each exam, participants were weighed. Their waist and hip circumference were measured at each exam with an inelastic tape measure using standardized methods. This population is described in table 1. longitudinal study addressing the impact of intrauterine exposures on the health of the offspring. Data was available at 6 time points -before pregnancy, at the 16th gestational week, at the 30th gestational week as well as 6 months, 18 months and 7 years after birth. Participants provided their height and weight during telephone interviews except for the 7-year follow-up, which was a web-based questionnaire. They also provided their waist circumference at the 2 last exams (18 months and 7 years after birth).
Phenotypes of Interest
Four phenotypes were studied in the French SUVIMAX group -BMI, waist circumference, hip circumference and waist to hip ratio. In the groups of Danish lean and obese men and in the group of Swedish women from the SPAWN cohort, BMI was available at each follow-up time point. Waist circumference, hip circumference and waist to hip ratio were also available in these populations but not at each time point. BMI was also available in the two groups of Danish women from the DNBC cohort at each time point. Waist circumference was also available in these two groups but not at each time point.
The first and second replication populations were 2 samples of Danish men -790 lean and 672 obese subjects. Both of these groups were part of a study carried out in Denmark; participants were recruited between 1943 and 1977, they underwent 3 follow-up exams -one in 1981-1983, one in 1992-1994, and one in 1998-2000. At each exam, they were weighed and measured [10] . Data concerning their height and weight during childhood were also available (from 6 to 14 years old, measured once a year). These populations are described in table 2.
The third replication population included 763 Swedish women (1.8% of whom were obese at inclusion) from the SPAWN cohort [26] described in table 2. These women were part of a longitudinal study describing the development of corpulence after pregnancy; they underwent four exams -before pregnancy ( The two last replication populations were two samples of Danish pregnant women from the DNBC [27] -a group of 1,848 lean women and a group of 2,061 obese women (table 2) . These women were involved in a Table 5 . Continued [29] . Associations between haplotypes and phenotypes were tested with HAPSTAT 3.0 [30] .
Statistical Analysis
All statistical analysis was performed with R 2.10.1 [31] . Hardy-Weinberg (HW) equilibrium was tested for each SNP in each population by chisquare test. This test provided exact p values (without Yates' correction for continuity). Deviation from HW equilibrium was considered as significant for p < 0.025 in the discovery sample and for p < 0.05 in the replication samples. Normality of the distribution of each phenotype was tested by Cramer von Misses test. Phenotypes were transformed either logarithmically or by box cox method, using R car package [32] , in order to obtain a normal distribution.
Associations between phenotypes and genotypes were tested by linear mixed models assuming an additive model using R nlme package [33] as recommended in the case of longitudinal observational studies [34] .
The model that was used for the linear mixed models procedure was phenotype = genotype + exam ID indicator + age + population specific covariates, random effects = Individual ID; this model only contains main effects.
SNP Selection
Tag SNPs were selected using data from 60 unrelated individuals from the CEU HapMap population (HapMap Data Rel 27 Phase II + III, February 2009 on NCBI B36 assembly, dbSNP B126) using the tagger pairwise method in order to capture all SNPs in the CST3 gene sequence and nearby flanking sequences (chromosome 20; 20p11.2; position 23559434 to 23569433) that are referenced in HapMap and that have a minor allele frequency equal or above 5%. We required the minimum estimated r 2 between the tagged and tag SNPs sets to be > 0.90, implying only a slight loss of power in typing only tags.
Genotyping
Genotypes were determined for all individuals either by Taqman semi quantitative PCR assays (Applied Biosystem) according to the manufacturer's instructions, by SNPlex™at INTEGRAGEN facility (Evry, France) or using the Illumina 610-QUAD chip.
LD Measure and Haplotype Reconstruction
The amount of linkage disequilibrium (LD) between tag SNPs was measured by computing the r 2 correlation coefficient [28] with FAMHAP 18
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Results
Two tag SNPs were selected in order to capture all SNPs referenced in HapMap that are located in CST3 gene and nearby flanking sequences -rs2424577 (HapMap reference allele: G) and rs3827143 (HapMap reference allele: A). SNP rs2424577 captured no other SNP, whereas rs3827143 captured five other SNPs -rs3787499, rs3827142, rs3787498, rs35610040 and rs3827141 -all with r 2 = 1. Tag SNP frequencies, haplotype frequencies, and LD between both tag SNPs (r 2 ) are described in table 3. All genotyped SNPs were found to be in HW equilibrium except for rs3827143 which deviated moderately from HW equilibrium in the discovery sample. Association tests carried out in each population are summarized in tables 4 and 5.
All models were adjusted for age. Models were also adjusted for gender in the French SUVIMAX group, for number of children in the Swedish women group (SPAWN cohort) and for number of pregnancies and number of children in the two groups of Danish women from the DNBC cohort.
When phenotype data was only available at one time point (waist circumference, waist to hip ratio in the group of Swedish women) associations between phenotypes and genotypes were tested by linear regression with the following model: phenotype = genotype + age + number of children.
P values < 0.05 were considered significant since we carried out a discovery analysis followed by a replication stage. The significant findings were then tested assuming a dominant and recessive model in the discovery population and tested in the five independent replication groups. Importantly, a meta-analysis was performed on the estimates from the mixed models carried out in each study using standard procedures for meta-analysis using R rmeta package [35] . (table 4) . No association was found when carrying out the analysis in a recessive manner (A/A vs. A/G and G/G). BMI accounts for general corpulence, whereas waist circumference, hip circumference and waist to hip ratio account for abdominal adiposity which is a risk factor for obesity associated co-morbidities. In order to investigate the specific influence of rs2424577 on adiposity while taking global corpulence into account we tested for association between rs2424577 and waist circumference as well as hip circumfer-
Discovery Sample (French SUVIMAX Population)
All tests carried out in this population were adjusted for age and gender; all results are for genotype main effects.
Association between CST3 rs2424577 and Corpulence Related Phenotypes
We found significant association between rs2424577 and BMI as well as waist circumference and waist to hip ratio in the SUVIMAX population. At each time point of the study, G/G carriers had significantly lower BMI ( fig. 1a, table 4 ) than A/A carriers. G/G carriers also had lower waist circumference ( fig. 2a, table 4 ) and waist to hip ratio ( fig. 2c ) and waist to hip ratio ( fig. 2c ) and waist to hip ratio (table 5) than A/A carriers. When carrying out the analysis under a dominant model (A/A and A/G vs. G/G), the associations with waist circumference and waist to hip ratio were no longer significant, but when the analysis was carried out under a recessive model (A/A vs. A/G and G/G), the association with waist circumference and waist to hip ratio were significant (table 5 ). In contrast to lean men, we found no association between rs2424577 and BMI, waist circumference and waist to hip ratio in the group of Danish obese men (table 5) .
Swedish Women (SPAWN)
In the third replication group (763 women from the SPAWN cohort), CST3 rs2424577 was significantly associated with BMI (table 5, fig. 1c ) and with waist circumference (table 5, fig. 2d) . Surprisingly, G/G carriers were more corpulent than A/A carriers (table 5, fig. 1c and 2d) . When carrying out the analysis under a dominant model (A/A and A/G vs. G/G), only the association with BMI remained significant (table 5) , but when the analysis was carried out under a recessive model (A/A vs. A/G and G/G), these associations were no longer significant.
Danish Women (DNBC)
In the two last replication cohorts, associations between rs2424577 and BMI as well as waist circumference were investigated. No significant result was found in the 1,848 lean women from the DNBC cohort (table 5) . However, in the 2,091 obese women from the DNBC cohort, waist circumference was significantly associated with rs2424577 -as found in other groups, G/G carriers had a lower waist circumference than A/G carriers (table 5, fig. 2b ). When carrying out the analysis under a dominant model (A/A and A/G vs. G/G), the association with waist circumference remained significant (table 5, fig. 2b ).
Gene Gender Age Interactions
Since our results were heterogeneous, we decided to perform additional investigations. First we searched for a gender specific action of CST3 rs2424577 on BMI that could explain the different findings. We investigated the role of CST3 rs2424577 on BMI separately in men and women in our discovery sample (French SUVIMAX group). In men, G/G carriers had a lower BMI than A/A and A/G carriers (data not shown), but this difference did not reach statistical significance. In women, we found that G/G carriers had a significantly lower BMI than A/A and A/G carriers (p = 0.045 under a dominant model -A/A and A/G vs. G/G; data not shown).
Second, we searched for gene gender, gene age and gene age gender interactions in the French cohort, foence and waist to hip ratio, and we included BMI as a cofactor in each model; no significant association was found; however, the association between rs2424577 and waist to hip ratio when including BMI as cofactor in the model was of borderline significance (p = 0.0534, data not shown) when carrying out the analysis in a dominant manner (G/G vs. AG and A/A). This probably suggests that the associations found with markers of body fat distribution strongly depend on global corpulence (i.e. BMI) in this population. Although G/G carriers already had a lower BMI at baseline, this difference did not reach statistical significance. Nevertheless it appeared that the association between rs2424577 and corpulence was stable during lifetime.
Association between CST3 rs3827143 and Corpulence Related Phenotypes
No significant associations between CST3 rs3827143 and any of the investigated phenotypes were found in this population.
Association between CST3 Haplotypes and Corpulence Related Phenotypes
Moderate LD was found between the two tag SNPs (table 2) . Because of their ability to capture LD more informatively, testing associations with haplotypes may be more powerful than those with individual SNPs. We hence reconstructed CST3 haplotypes in order to investigate their role in the phenotypes of interest. In order to look for specific haplotype effects beyond the already identified SNP effects, we added this variant as an extra cofactor in the haplotype analysis. No association was found. Thus only CST3 rs2424577 was investigated in our five replication samples.
Replication Samples
We investigated the association between rs2424577 and three corpulence related phenotypes -BMI, waist circumference and waist to hip ratio (when available) -in the five replication populations.
Danish Men
Analysis in the group of Danish lean men revealed an association between rs2424577 and BMI ( fig. 1b) in the same way as in the SUVIMAX group -G/G carriers were less corpulent than A/A carriers (table 5 ). In addition, we also found that A/G carriers were significantly less corpulent than A/A carriers (table 5) . In this group, when carrying out the analysis under a dominant model (A/A and A/G vs. G/G), the association with BMI was no longer significant, but when the analysis was carried out under a recessive model (A/A vs. A/G and G/G), the association with BMI was significant (table 5). We also found an association between rs2424577 and both waist circumference and waist to hip ratio in the same way as in the SUVIMAX group. G/G carriers had lower waist circumfer- 
Meta-Analysis of the Association of rs2424577 and BMI
To substantiate our results, we carried out a meta-analysis on the difference in BMI between A/A and G/G carriers for rs2424577 in our six cohorts (fig. 3) . The association between BMI (at each available time point in each population of our study) and rs2424577 remains significant, and the G/G genotype is associated with a lower BMI (meta p value = 0.0312, meta estimate = -0.18, 95% CI = -0.37 to 0.02).
Discussion
In our study we have identified a relationship between a variant in the CST3 gene -rs2424577 -and corpulence related phenotypes in four independent populations. Nevertheless the contribution of this SNP remains unclear since G/G genotype was associated with a protective effect in the French SUVI-MAX, Danish lean men and Danish obese women groups and a deleterious effect in the Swedish female SPAWN cohort. G/G carriers had lower BMI, waist circumference and waist to hip ratio in the French SUVIMAX and the Danish lean men groups, lower waist circumference in the group of Danish obese women (DNBC), but they had higher BMI and waist circumference in the group of Swedish women (SPAWN).
This type of result is described in the literature as a 'flipflop phenomenon'. Lin et al. [36] demonstrated that such findings may arise from a multi-locus effect, implying a change in LD pattern between the two markers in the different studied populations. Nevertheless Zaykin et al. [37] demonstrated that such findings could simply be due to a change in haplotype frequencies in the different populations. Finally, our observations could simply be random findings. However, Clarke et al. [38] calculated the probability of obtaining such findings due to a true association or at random. They demonstrated that under the null hypothesis of no association, the probability of a significant allele flip is always 2 /2 = 0.00125, whereas, in the case of a true association, the probability of such observation depends on the power of the study. In other words, it appeared that the probability to randomly obtain such findings is negligible [38] . Such flip-flop associations have already been reported for several other complex diseases including autism and late onset Alzheimer's disease. In autism, both the long and short allele at the HTTLR locus of the serotonin cusing on the association between rs2424577 (data not shown) and BMI, waist circumference and waist to hip ratio. We thus added a 'gene age' or a 'gene gender' or 'gene age gender' interaction term to the model described in 'Participants and Methods' (see above). While the 'gene gender' interaction term did not reach statistical significance, the 'gene age' interaction term yielded several significant results -age of the individuals apparently influenced the difference in BMI between A/G and G/G carriers (p = 0.0432), the difference in waist circumference between A/A and G/G carriers (p = 0.0358), the difference in waist circumference between A/G and G/G carriers (p = 0.0333) and the difference in waist to hip ratio between A/A and G/G carriers (p = 0.0493). The 'gene age gender' interaction term also yielded several significant results -the interaction between age and gender influenced the difference in waist circumference between A/A and G/G carriers (p = 0.0126) and between A/G and G/G carriers (p = 0.0045). In this model, gender influenced the difference in waist circumference between A/A and G/G carriers and between A/G and G/G carriers (p = 0.008 and p = 0.0039, respectively). The interaction between age and gender influenced the difference in waist to hip ratio between A/G and G/G carriers (p = 0.0294). In this model, gender also significantly influenced the difference in waist to hip ratio between A/G and G/G carriers (p = 0.0314).
Third, we tested for gene age interactions in the association between rs2424577 and BMI, waist circumference and waist to hip ratio in our replication cohorts. In the group of Danish lean men, age also significantly influenced the difference in BMI between A/A and A/G carriers and between A/A and G/G carriers (p = 0.0007 and p = 0.022, respectively). In the group of Swedish women, age influenced the Hooton/Dubern/Henegar/Paternoster/Nohr/ Alili/Rousseau/Pelloux/Galan/Hercberg/Arner/ Sørensen/Clément and the two other cultures a B/B phenotype (high intracellular retention). This result suggested that only one allele of CST3 could be alternatively expressed [47] . The G73A variant was also associated with differences in cystatin C circulating levels, with the B/B genotype associated with lower cystatin C circulating levels [49, 50] . This polymorphism was also identified as associated to frontotemporal lobar degeneration [51] and to age related macular degeneration [52] . Importantly and similarly to our findings with corpulence related parameters, Crawford et al. [53] also found an association between this SNP and Alzheimer's disease, but in the opposite direction. A/A genotype was associated with an increased risk of developing Alzheimer's disease [53] . These findings bring evidence of association between CST3 genotypes and Alzheimer's disease, but in different ways depending on the studied populations. The G73A variant is referenced in dbSNP (www.ncbi.nlm.nih.gov) as rs1064039. This variant has not been genotyped in any of the HapMap populations; therefore, we have no information concerning LD between this variant and the SNPs that are investigated in our study. Two other SNPs located in CST3 promoter, -82G/C and -78T/G, have been described by Eriksson et al. [54] and are associated with cystatin C circulating levels in healthy individuals and patients with recent myocardial infarctions. The authors showed that in vitro these two polymorphisms influenced the binding of nuclear factors and affected the basal rate of gene transcription in an allele specific manner. Additional SNPs such as -82G/C, -5G/A and +4A/C were also associated with cystatin C circulating levels [55] . These polymorphisms were in LD in the population studied, and individuals who carry two copies of the major haplotype (-82G -5G +4A) had 12.4% higher circulating levels of cystatin C than non-carriers. Individuals who were heterozygous for this haplotype displayed an intermediate phenotype.
Unfortunately, none of these SNPs are referenced in HapMap. Thus no information concerning LD between these SNPs and the SNPs investigated in our study is available. We cannot exclude that other functional variants, affecting other genes located nearby CST3, might explain our findings. More explorations are necessary to understand the functional relevance of our findings.
In conclusion, we found an association between a CST3 variant and corpulence during life. The complexity of this association can be explained by a combination of variants with functional effects and by the fact that in vivo CST3 could undergo an alternative expression.
transporter gene have been reported as risk alleles for autistic disorders [39] [40] [41] [42] [43] [44] . In late onset Alzheimer's disease, two independent studies report the opposite allele at the same SNP in the glutathione-S-transferase omega-1 gene (GSTO1) to be positively associated with age at onset of the disease [45, 46] . Based on these previous studies, our observation could therefore be considered as relevant. Importantly, we found significant gene age interactions in the association with corpulence traits in the different and heterogeneous populations we explored. Age might influence the association between CST3 rs2424577 and corpulence related phenotypes. However, a gene age interaction seems quite unlikely to explain the flipflop phenomenon observed in this study since, when considering the age fitted values of BMI, we still retrieved the flip-flop effect, i.e. G/G carriers were still more corpulent in the group of Swedish women and less corpulent in the other groups. We carried out a meta-analysis to get an overview of the global significance of our findings. Since there is some evidence that CST3 could undergo alternate expression (see below and [47] ), we decided to carry out this analysis on the results that we obtained for CST3 rs2424577 A/A versus G/G (homozygotes subjects only) and searched for an overall association with BMI in our six longitudinal studies. According to this meta-analysis, the overall association of CST3 rs2424577 and BMI was significant with G/G genotype asso ciated to a lower BMI.
While the effect of the actual causal variant might be small, our study may nevertheless highlight an implication of CST3 -the gene that codes for cystatin C -on the level of corpulence during life time. Since cystatin C is the most powerful endogenous inhibitor of cathepsin S, K and L [14] , one might speculate that the causal variant could influence corpulence by affecting the ability of cystatin C to inhibit cathepsin activity.
In our study, we used tag SNPs, which actually reflect genetic variation of the entire CTS3 region. It is now crucial to identify the variants with functional consequences in CST3 gene that are in LD with rs2424577 in order to confirm their role in corpulence related phenotypes. The contribution of CST3 gene variants has been previously described, mainly in neurological diseases and cardiovascular pathologies. The functional G73A polymorphism in CST3 gene that codes for an alanine to threonine change in position 25 was associated to Alzheimer's disease, with homozygosity for the B haplotype (containing the A nucleotide) as a risk factor [48] . Benussi et al. [47] carried out an in vitro analysis with this SNP, and it appeared that B/B human primary epithelial fibroblasts displayed a higher intracellular retention of the protein through a less efficient cleavage of the signal peptide than A/A cells (homozygous for the G nucleotide) which is possibly due to a change in hydrophobicity in the signal peptide. 
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